Angle-resolved photoemission measurements were performed on Zn-doped La2−xSrxCuO4 (LSCO) to investigate the effects of Zn impurities on the low energy electronic structure. The Zn-impurityinduced increase in the quasi-particle (QP) width in momentum distribution curves (MDC) is approximately isotropic on the entire Fermi surface and energy-independent near the Fermi level (EF ). The increase in the MDC width is consistent with the increase in the residual resistivity due to the Zn impurities if we assume the carrier number to be 1-x for x=0.17 and the Zn impurity to be a potential scatterer close to the unitarity limit. For x=0.03, the residual resistivity is found to be higher than that expected from the MDC width, and the effects of antifferomagnetic fluctuations induced around the Zn impurities are discussed. The leading edges of the spectra near (π,0) for x=0.17 are shifted toward higher energies relative to EF with Zn substitution, indicating a reduction of the superconducting gap.
I. INTRODUCTION
Zn substitution for Cu atoms in the CuO 2 planes for the high-T c cuprates causes a dramatic reduction of T c and thus may offer an opportunity to characterize the nature of the superconducting states in the cuprates. Zn is a nonmagnetic impurity with a closed d shell and produces a large in-plane residual resistivity while the temperature-slope of the resistivity is unchanged.
1 Quantitative analysis of the residual resistivity indicates that the Zn impurity acts as a potential scatterer in the unitarity limit. To understand the microscopic mechanism of the scattering by the Zn impurities, the local information around the Zn impurities has been extensively studied. Reduction of superfluid density by Zn impurities were detected by µSR 2 and a "Swiss cheese" model, in which non-superconductivity islands are induced around the Zn impurities, was proposed to explain the reduction of the superconducting fraction proportional to the Zn concentration. This model is consistent with the observation by scanning tunneling microscopy (STM) that the superconductivity is locally destroyed by Zn impurities.
3 Also, according to NMR studies, it was found that antiferromagnetic moment is induced around the Zn impurity. 4 While these experimental results have given insight into the local electronic structure around the impurity, Zn impurity effects in momentum space, which are more directly related to the transport properties, is still poorly understood.
In order to elucidate details of impurity scattering in momentum space as well as the mechanism of the reduction of T c induced by impurity, direct observation of the quasi-particle (QP) under the influence of Zn impurities should give useful information. Previous angleresolved photoemission (ARPES) studies indicated that in Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) Zn and Ni impurities reduces the coupling strength to Boson excitation which leads the "kink" in the QP dispersion. 5, 6 Also, the depression of the superconducting coherence peak by Zn impurities has been observed, 5-8 consistent with the decrease in the superfluid density.
2 In this work, we shall focus on the impurity effects on the QP in La 2−x Sr x CuO 4 (LSCO), particularly, on the relationship between the T c and the observed increase in the widths of momentum distribution curves (MDC) in relation to the scattering mechanism of QP in the normal state. In particular, the effects of antiferromagnetic fluctuations locally induced by the Zn impurities shall be discussed.
II. EXPERIMENT
High-quality single crystals of Zn-doped and Zn-free LSCO were grown by the traveling-solvent floating-zone method. Figure 1 shows the temperature dependence of the electrical resistivity ρ and the Hall coefficient R H of samples studied in the present work. The Zn-free and 2 % Zn-doped samples with hole content of x = 0.17 have critical temperatures (T c 's) of 40 K and 22 K, respectively. The Zn-free and 3 % Zn-doped x = 0.03 samples are non-superconducting. With Zn-doping, the residual resistivity increases for both x=0.03 and 0.17 samples, while the temperature slope of ρ does not change with the Zn impurities for the x=0.17 sample. The "carrier number" defined by (eR H ) −1 for x=0.03 is close to the nominal hole concentration, but decreases by ∼ 20 % with 3% Zn-doping. The ARPES measurements were carried out at beamline 10.0.01 of Advanced Light Source (ALS) and beamline 5-4 of Stanford Synchrotron Radiation Laboratory (SSRL), using incident photons with energies of 55.5 eV and 22.4 eV, respectively. The total energy resolution was about 15 meV (SSRL) or 20 meV (ALS). The momentum resolutions at ALS and SSRL are 0.02π and 0.01π in units of 1/a, respectively, where a=3.8 A is the lattice constant. The samples were cleaved in situ and measurements were performed at about 20 K (ALS) or 10 K (SSRL). In the measurements at ALS, the electric vector E of the incident photons lied within the CuO 2 plane, 45 degrees rotated from the Cu-O direction and was parallel to the Fermi surface segment in the nodal region. This measurement geometry enhances dipole matrix elements in this k region because the wave function has x 2 − y 2 symmetry. 9 The E in the measurements at SSRL was nearly parallel to the Cu-O direction.
III. RESULTS AND DISCUSSION
A. Zn-impurity effects on the quasi-particle First, in order to see the effects of Zn impurities on the shape of the Fermi surface, momentum-space spectral weight mapping at the Fermi level (E F ) is shown in Fig. 2 . We have determined the Fermi momentum (k F ) of the (underlying) Fermi surfaces by using the peak positions of the MDC's, as represented by dots. 10 The k F positions thus determined, which designate the shape of the Fermi surfaces, could be well fitted to the Fermi surface of the tight-binding model as shown by solid curves. Both for x=0.03 and 0.17, the tight-binding parameters are almost identical between the Zn-doped and Zn-free samples (t ′ /t=-0.120, t ′′ /t = 0.10 for x=0.03 and t ′ /t=-0.135, t ′′ /t = 0.075 for x=0.17), indicating that the Zn substitution does not change the overall electronic structure and the hole concentration appreciably. Although R H for x=0.03 shown in Fig. 1 (b) suggests a decrease of the hole concentration with Zn doping by ∼20%, we could not detect this signature in the present experiment since the corresponding change is a very small portion of the Fermi surface area 1 + x (≪1%).
Nevertheless, Zn-impurity effects are clearly seen in the spectral line shapes of the energy distribution curves (EDC's). Figure 3 shows EDC's in the nodal direction [(0,0)-(π,π)] in the second Brillouin zone. Clear QP peaks are observed near E F in the Zn 0% x=0.17 and 0.03 samples [panels (a) and (c), respectively]. With Zn substitution, the peak is significantly depressed [panels (b) and (d)]. As indicated by vertical arrows, a characteristic dip at ∼ 70 meV, which corresponds to the "kink" is prominent for the x=0.03 spectra. The dip feature still remains at almost the same binding energy with Zn-doping.
To clarify the impurity effects on the QP spectral weight, the EDC's at k F have been symmetrized with respect to E F as shown in Fig. 3 (e). These spectra have been normalized to the spectral weight between -0.2--0.1 eV below the E F . For both the Zn-free and Zn-doped x=0.17 samples, the symmetrized EDC's show a clear QP peak at the k F point although the QP inten- sity decreases with Zn-doping. The existence of a clear QP peak even for the Zn-doped sample may be related with the persistence of superconductivity with T c = 22 K. On the other hand, the QP peak is strongly depressed in the Zn-doped x=0.03 sample. Particularly, the symmetrized EDC at k F show a shallow dip at E F , indicating the destruction of the nodal QP and a possible pseudogap opening. Note that the pseudogap on the energy scale of ∼10 meV caused by charge localization was observed in the optical conductivity measurement of LSCO (x=0.03) at low temperature. 11 The observed pseudogap-like feature of similar magnitude in the EDC of the x=0.03 Zn 3 % sample would therefore be related to the localization behavior at low temperature of the electrical resistivity as seen in Fig. 1 . The integrated MDC spectra along the nodal direction in Fig. 3(f) for both hole concentrations also show suppression of the spectral weight by the Zn impurities.
In Fig. 4 , we summarize the dispersion of the QP peak in MDC's and the energy dependence of the MDC width in the nodal direction. Both the x= 0.03 and 0.17 samples show a kink at ∼ 70 meV [panels (a),(b)]. In Fig.  4(c) , one can confirm that the Fermi velocity for the Znfree samples does not change with hole doping, i.e., the universal Fermi velocity.
12 By contrast, the slopes of the energy dispersions near E F slightly increases with Zndoping as shown in panels (a) and (b). Panel (d) indicates that the slope of the dispersion within ∼ 20 meV of E F becomes steeper in x= 0.03 Zn 3%, which however may be an artifact due to the (pseudo) gap opening The MDC width shows a characteristic drop below the kink energy of ∼70 meV, especially for the x=0.03 samples, indicating a reduction of the scattering rate of QP by collective modes below the mode energy. Below the kink energy, the Zn-induced increase in the MDC width is energy independent as clearly indicated by the difference between the Zn-doped and Zn-free data. Since the MDC width ∆k increases with decreasing mean-free path l through ∆k = 1/l the extra scattering due to the impurity, the energy-independent increase in the MDC width is consistent with the temperature-independent increase in the resistivity caused by the Zn impurities.
In order to see the momentum dependence of the increase in the MDC on the Fermi surface, the MDC widths at various k F 's are shown in the MDC width between the Zn-free and Zn-doped samples are plotted on the same panels. These plots indicate that the increase in the MDC width by the Zn impurity is almost isotropic on the Fermi surface. Thus, on the low energy scale (< 70 meV), the contribution of the impurity to the MDC width is energy-and momentumindependent, indicating that the Zn impurity is a nearly static and isotropic scatterer. As a results of the momentum independent increase in the MDC width, the relative increase in the MDC width for 2-3% Zn substitution is 10-20% in the anti-node direction and 50-100% in the node direction. Because the pseudogap size mainly determines the c-axis transport properties in underdoped samples, the small relative increase in the MDC width in the antinodal region compared to the nodal region may explain the fact that the out-of-plane transport is less affected by the Zn impurities than the in-plane transport.
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B. Comparison with transport properties
Since the MDC width is equal to the inverse of the mean free path, here, we shall compare the transport properties with the MDC width deduced from the present ARPES results. The mobility µ = eτ /m * can be derived from the in-plane resistivity ρ = m * /ne 2 τ and the carrier density n if the Drude formula is assumed. We have assumed that n is given by n = x and n = 1 − x for x=0.03 and 0.17, respectively, because the Hall coefficient 14, 15 R H = 1/ne as well as the residual resistivity of Zndoped LSCO 1 show a crossover from n ∼ x to n ∼ 1 − x around x=0.1. From the ARPES data, the inverse mobility can be calculated using the formula µ
where ∆k is the MDC width. As the observed MDC width is influenced by the finite angular and energy resolutions, we have subtracted the angular broadening ∼ 0.01Å −1 from the measured MDC widths. When the Fermi surface has a pseudo-gap as in the underdoped region, since the QP's in the node region dominate the in-plane transport, the evaluated µ −1 would be that of the node region. As for the slightly overdoped x=0.17 samples, too, the scattering rate is the lowest in the nodal region, as can be seen from the smallest MDC width in this region [see Fig. 5(d)] . Therefore, the evaluated µ −1 is largely determined by the nodal QP's. In Fig. 6 , we compare the Zn-induced increase in the inverse mobility µ −1 obtained from the transport and present ARPES results. 16 From the measurements of the electrical resistivity ρ of the present samples, the inverse-
2 for x=0.03 and 0.17, respectively, at 300 K. From the MDC width at E F in the nodal direction (Fig. 4) , the Zn-induced increase in ∆k are 0.022 and 0.020Å −1 for the x= 0.03 and 0.17 samples, respectively. Using the increase in ∆k and the formula µ −1 = k F ∆k/e, the increase in µ −1 for x=0.03 and 0.17 samples are calculated to be 0.093 and 0.085, respectively. Here, k F ∼ 0.64Å −1 measured from (π, π) was deduced from ARPES. Therefore, for the x=0.17 samples, the obtained Zn-induced increase in the µ −1 values from the transport and ARPES results are quantitatively consistent if we assume n = 1 − x. On the other hand, for the x=0.03 samples, the increase in µ −1 from ARPES is smaller than that estimated from the transport.
In general, transport and ARPES measurements detect different scattering processes of QP in different weight. The scattering rate 1/τ tr by impurities in transport is given by 1/τ tr ∝ 1 2
where θ is the scattering angle and v(q) is the scattering potential.
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Because of the factor 1-cos θ in the integrand, the main scattering process stems from backward scattering. On the other hand, the scattering rate in ARPES (1/τ ARPES ) is 1/τ ARPES = 2ZImΣ ∝ 1 2 v(q)dθ, where Σ is the selfenergy and Z is the renormalization factor, indicating that both backward scattering and forward scattering equally contribute. It should be noted that, in the unitarity limit, 1/τ tr and 1/τ ARPES should be the same due to the q-independence of the scattering amplitude. Since the Zn-induced increase in µ −1 from the transport (assuming n = 1−x) and ARPES results for x=0.17 samples show almost the same value of ∼ 0.09 Vs/cm 2 , one can conclude that the scattering by the Zn impurities in the x=0.17 samples are in the unitarity limit. This is consistent with the in-plane resitivity results 1 and with the conclusion reached by an STM study. For the x=0.03 samples, on the other hand, the increase in µ −1 from ARPES is smaller than that from transport (which is extrapolated from the high temperature region in order to eluminate the localization effect). This cannot be understood within the unitary scattering picture. Here, let us consider the effects of antiferromagnetic correlations induced around the impurity atom. Theoretically, vertex correction from the antiferromagnetic fluctuations may cause an enhancement of the resistivity compared to that calculated based on Boltzmann equation.
18 Since the present estimate from the ARPES data is based on Boltzmann transport theory, the smaller µ −1 estimated from ARPES than that from the transport indicates that the QP scattering rate has a peculiar momentum dependence with a maximum occuring in the backward scattering direction. Such a situation may be realized if scattering by the low-energy antiferromagnetic fluctuations induced by the Zn impurities is dominant in the QP scattering in the x=0.03 samples.
In two dimensional metals like high-T c cuprates, whether a dirty system become a superconductor or not is determined by the normal-state critical sheet resistance. 19 In both Zn 0% and 3% x=0.03 samples, it is clear that the inverse mobilities obtained by the ARPES and transport studies are much higher than critical universal 2D value, and therefore, the system indeed goes into the localization phase. This explains the absence of superconductivity in the Zn-free x=0.03 samples, although it shows a clear QP in the vicinity of E F near the node direction. It is likely that a tiny gap is opened in the nodal direction [ Fig. 3(e) ], as pointed out in previous report on the lightly-doped cuprates. 20 With Zn-doping, the QP peak is significantly depressed as shown in Figs. 3(e) and 3(f), a signature of carrier localization which starts at higher temperature. Note that a pseudogap on the low energy scale of ∼10 meV was observed in the optical conductivity measurement and indicated localization at low temperatures. 11 In the Zn 2% x=0.17 samples, the inverse mobility obtained by ARPES are lower than the universal resistivity, which accords with the persistence of the superconductivity in this sample. One can infer that, with a few more percent Zn-doping, the inverse mobility would reach that of the universal resistivity and the system would enter the non-superconducting phase.
C. Zn-impurity effects in the anti-nodal region Finally, we discuss Zn impurity effects on the spectra in the antinodal region, where the opening of the superconducting gap is expected below T c . Figure 7 shows EDC's along the (π,0)-(π,π) line of the x= 0.17 samples measured at SSRL. At the k F point with k y ∼ ±0.1π, the EDCs of the Zn-doped sample are slightly shifted toward higher energies relative to E F compared to the Zn-free sample. Because the pseudogap state has been reported to be stabilized by out-of-plane disorder, 21 if in-plane and out-of-plane disorder have similar effects on the pseudogap, the observed shift is unlikely to be a reduction of the pseudogap. Instead, the shift may be understood as a reduction of the superconducting gap, because such a reduction by Zn impurity has also been observed in Zn-doped Bi2212. 8 However, the decrease of the gap by Zn-doping is only 1-2 meV, which is much smaller than that (∼ 4 meV) expected from the decrease of T c by 20 K. Furthermore, the observed gap size is too small compared with that estimated from the d-wave BCS theory ∆ ∼ 8 meV for the Zn-free samples with the T c ∼ 40 K. 22 Note that, for x=0.15 samples, an indication of the leading edge gap of ∼ 10 meV was reported in previous studies although no clear coherence peak was seen around (π, 0)
23 even using higher energy resolution than the present one. Therefore, the superconducting gap identified in this study may be opened on top of the pseudo gap and hence is probably blurred compared to an ideal superconducting gap. More detailed systematic studies are necessary to characterize the weak superconductivity in the antinodal region.
IV. CONCLUSION
In summary, we have studied Zn-impurity effects on the near E F electronic states of LSCO and discussed their relationship to the transport properties. We have observed an isotropic increase in the MDC width as well as the suppression of spectral weight in the low energy part of the spectra. For slightly overdoped x=0.17, the increase in the MDC width is close to that expected from the unitary limit of the impurity scattering and explains the increase in the in-plane residual resistivity. For the lightly doped x=0.03, we found that the residual resistivity is larger than that expected from the MDC width. We propose that backward scattering due to antiferromagnetic fluctuations may be enhanced compared to forward scattering. We have confirmed that superconductor-tolocalization behavior is caused by the increase in the MDC width up to the universal resistivity in the underdoped region.
